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Abstract
To identify deficient bridges or to decide whether to repair,
retrofit, or demolish a structure it is essential to incorporate a
determination of the existing condition by a performance evaluation. In
the absence of a standard, one procedure was developed for a recent bridge
evaluation and is presented.
The procedure includes the formulation of finite element models to
simulate the bridge's geometrical and property conditions, testing of
convergence, examination of effects of influencing factors, and the
determination of the adequacy of the bridge.
The study satisfactorily produced the models required for the
bridge's analysis. The testing of convergence revealed that the proper
ref inement had been achieved for both 2D and 3D models. Also, the
evaluation of the different models revealed that the simplified boundary
conditions assumed at the ends of the spans did not alter the results
significantly. Geometric simplifications (i.e. negligence of horizontal
curvature) produced substantial effects in both the models of the main
arch and entire structure.
The models isolated the effects of several factors which influence
the deflection and stress patterns of the bridge. The sequence of
constructing the main arches and spandrel arches and deck had strong
influences on the stresses in these components. The expansion joints at
the ends of spans effectively reduced deck stresses. Uniform changes of
bridge temperature, even extreme values, had only minor effects on the
stresses; the expansive properties of the concrete induced analogous
stress and deflection changes, but of higher magnitude. This study found
that the bridge carried its own weight and other static loadings very
efficiently and easily.
possible areas of future .studies could explore the effects of
nonuniform thermal changes and live loads.
1
10 Introduction
From newspaper accounts, various government reports and
professional meetings of bridge engineers, a critical message
becomes clear. Through the effects of natural and manmade
environments, as well as, construction material properties and
practices of the past, our infrastructure is crumbling.
Notably, many of our bridges have become dangerously deficient
because of the deterioration of their concrete and steel.
To identify deficient bridges or to decide whether to
repair, retrofit, or demolish a structure it is essential to
incorporate a determination of the existing condition by a
performance evaluation. The required calculations for such a
performance evaluation must yield a high degree of accuracy in
order to be of benefit to the decision makers, but to date
there is no standard methodology available.
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In the absence of a standard, one method was developed
for a recent bridge evaluation and it is presented below. The
presentation begins with an overview to explain the case
(Section 1.1) followed by a brief description of the some of
the terminology used and summary of similar studies found in
the literature (Sections 1.2 & 1.3).
The methodology used in the evaluation was explained in
detail starting with the analysis rationale (Chapter 2). Here
the reasoning behind the use of the finite element method, as
well as, the choice of software package and modeling
assumptions were illuminate. Following the analysis rational
the analysis procedure was revealed to further illustrate the
methodology (Chapter 3).
The thesis was then concluded with a description of the
analysis results (Chapter 4) followed by some conclusions
(Chapter 5) • The results illustrated some of the effects of
the different influences on the strength of the bridge, while
the conclusions ~ocus on the results and methodology used.
The influence of the models and assumptions, procedure and
results were all discussed.
1.1 Overview
This thesis attempts to describe a procedure used to
evaluate the remaining strength of a deteriorated concrete
arch bridge. The procedure will be described as it was
recently developed and applied to study the Manayunk Bridge,
SEPTA Bridge No. 7.70 (Fig. t.1.1 & 1.1.2).
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The Manayunk bridgE! is an undergrade structure along
SEPTA's Manayunk Branch. The bridge was built by the former
Pennsylvania Railroad around 1918 and consists of sixteen
spans of various construction. Over the past seventy years of
life the bridge has been deteriorating, as evidenced by severe
concrete spalling and cracking throughout a significant
portion of the structure.
The obvious deterioration of the concrete portions of the
Manayunk Bridge were of particular concern for several civic,
as well as, economic reasons. First of all the bridge was
seen as a potential danger to persons and property below. The
potential for collapse could not be ruled out. Secondly,
demolition was not a simple answer. The Manayunk Bridge was
identified as a major architectural landmark in the area and
an important sYmbol of civic pride to the residents of the
Manayunk community. Besides its local significance, the
Manayunk bridge would also have been a massive undertaking to
demolish.
Because of the impending danger of collapse and the
aversion to demolition an extensive study of the concrete
arches was contracted. These nine arches make up the bulk of
the bridge, spanning local streets, the Schuylkill Canal, a
Conrail branch, the Schuylkill River, and I-76, the schuylkill
Expressway. The first part of this study involved a complete
tactile inspection of the bridge and the taking of more than
160 concrete samples from throughout the structure, as well
4
Figure Li.f The Manayunk Bridge
5
Figure 1.1.2- Span Labeling
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as, state-of-the-art concrete tests. These field tests, along
with the laboratory follow up, gave a great deal of insight
into the existing state of the structural concrete as well as
the internal and external mechanisms attacking the structure.
The material data obtained from the tactile inspection
along with geometric data from archived design drawing were
used to construct the finite element models. These finite
element models were used to study the stress levels and
distributions in the bridge due to self-weight, thermal
effects and material variations. The finite element study
consisted of several three span and single span models
(Section 2.3). Models were generated to isolate the effect of
the structure I s horizontal curvature and construction sequence
on the stress distributions calculated by the model analysis.
1.2 Nomenclature
In the discussion of the particular models, the
nomenclature must first be clarified. The different parts of
the typical open spandrel arch bridge were shown in Figure
1.2.1 and were described below.
Deck - the horizontal component at the top of the bridge
resting upon the smaller arches. The deck consists of
concrete directly above the arches as well as the
parapets and the stone ballast.
Hain Arch - that structure arching which span pier to
pier.
7
•DECK
SPANDREL ARCH (TYP.)
SPANDREL ARCH
(TYP. )
PIER----...... '
Figure 1.2.1. Nomenclature
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Pier - that vertical section which supports the main
arches by transmitting their loads to the foundation.
Span - all the defined structural components between the
longitudinal mid-points of two piers
spandrel Arch - those smaller arches which support the
deck.
Spandrel Arch Walls - the members which transmitted the
load from the spandrel arches to the main arch.
Substructure - the main arches, the piers and foundations
Superstructure - the deck, spandrel arches and the
spandrel walls.
1.3 History: Literature Survey
A literature search was done to give some background to
this evaluation. The attempt was to find as much information
as was available on evaluations of this type. This involved
the search into case studies and material investigations.
Search was also done to investigate any work done in the area
of structural analysis of concrete arch bridges, as well as
skewed bridges and bridges with horizontal curves, two
characteristics of this case. Also, the use of the finite
element method with respect to these types of analysis was
searched.
A search of the literature revealed that very little has
been written on the evaluation of degraded concrete arch
bridges. Though these bridges are common in the united States
and Europe, only a single article (Liou,1985) was found to
9
record any detail of the strength evaluation of a concrete
arch bridge. The article, though very brief, describes the
situation of the Nelson street Bridge and gives some detail on
how the bridge was evaluated.
The Nelson street Bridge was a ten-span continuous
concrete arch bridge, made up of 23 to 77 feet spans
constructed circa 1906. At the beginning of the evaluation,
a field inspection revealed that the bridge had been degraded
due to environmental attack, as well as, substandard
construction materials and maintenance. The inspection
involved both visual observations and core sampling.
Using the data gathered by the inspection, the bridge was
load rated. The rating consisted of dividing the constituent
arches into several segments and determining the worst case
loading for each segment. The stress in each segment was then
compared to the strength determined by the inspection divided
by a suitable factor of safety. Through this comparison, a
maximum safe loading was calculated for the bridge.
Though Liou's essay was the only article to discuss a
case study, there have been several articles written which
give some insight into the evaluation of aged deteriorating
concrete arch bridges. These articles devote themselves
either to the how to determine the material properties or the
stress distribution of an arch bridge in question, but no
article bridges the gap between material evaluation and the
impact on structural behavior.
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In the area of material studies, several excellent
articles have been written regarding the planning and
execution of a successful field investigation. In particular,
J.H. Bungey's articles discuss some of the procedures which
can be used to maximize the usefulness of an investigation
(Bungey, 1987a & 1987b) • The different types of
investigations are defined and discussed, as well as, some of
the common pitfalls and mistakes.
other articles emphasize the interpretation of the
results of field studies. In a book by J. H. Bungey, the
different tests used in structural concrete evaluation are
discussed (Bungey, 1982) . Bungey' s discussion of the tests
attempts to identifies their weaknesses and strengths. The
text also describes how some test results should be calculated
and calibrated. The examination of variability is also
discussed in Bungey's text.
Some probabilistic interpretations of in situ test data
have also been discussed by Kreviac and Scanlon
(Kreviac, 1987) . This work attempts to define a suitable
statistical model to interpret concrete core tests. Though
the results are mostly useful for a probabilistic approach to
structural analysis only, some of the conclusion do offer
insight into the reliability of different types of concrete
core tests.
Several more qualitative articles have also been written
to describe the typical. problems encountered with
11
deteriorating concrete bridges. Higgins wrote a short article
on diagnosing the causes of deterioration in concrete
structures (Higgins, 1981) • In Higgin's article, the different
types of damage are briefly explained and described.
somerville, like Higgins, also wrote an article describing the
different attacks on concrete structures, but from a different
perspective (Somerville,1986). While Higgins' article
involved diagnosis of degraded bridges, Somerville's article
was more concerned with designing and constructing concrete
bridges more efficiently. Somerville's article discussed the
relationships between concrete properties, construction
methods and their effects on structural deterioration.
In searching the structural analysis of concrete arch
bridges, several relevant works were found. However, the only
recent article was a description of the construction of a
Japanese composite bridge (Kawamura, 1990). The description,
a short essay by Tetsuo Kawamura and Yasuhiro Fujimoto, gives
a modern view of the arch bridge concept. By describing the
design and construction the authors touched on some of the
contemporary pros and cons of arch bridges.
Most of the writing about the analysis and design of
concrete arch bridges was found in older texts. The earliest
of these, by Melan, gave a very thorough explanation of the
workings of a concrete arch bridge (Melan, 1916). Melan's
text described a method for analyzing and/or designing each of
the different types of concrete arch bridges. Though the
12
methods involve numerical and graphical methods which were
outdated the concepts were still very useful. Another of
these early texts was a work by McCullough and Thayer
(McCUllough, 1948). This more recent text was very similar to
Melan's work, but with updated mathematical techniques. In
fact, McCollough's work contains a manual method which can be
used to verify a finite element solution to an arch analysis.
The final text found, a work by W.A. Fairhurst, also offers
some simple solutions to arch problems which could be used to
double check an arch model (Fairhurst, 1954). Fairhurst's
book offers very little in the way of theoretical background.
Instead, it is filled with tables of solutions to various arch
configurations subjected to different loading cases.
Besides investigating arch bridges, articles were
researched which would be relevant to other aspects of the
bridge discussed in this thesis. The first of these was an
essay by Tony J. Herbert which deals with the effect of stage
construction on the stresses and deflections of a concrete
bridge (Herbert, 1990). Herbert's article discussed the
influence of the construction sequence and how a computer
program can take it into account. Another relevant article
discussed the effect of skewness on the distribution of
stresses in a bridge (Khaleel, 1990). Also, an article by
Christian Menn concerning the effect of horizontal curvature
of concrete bridges gave some insight into the stresses in the
thesis bridge (Menn, 1984) •. similarly, an article was found
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that discussed the effect of dynamic loading on a reinforced
concrete bridge (Saadeghvaziri, 1990). All these articles do
not discuss concrete arch bridges per ce, but what they do
discuss gave some relevant details to the problem at hand.
Other materials found were concerned with the finite
element analysis of the bridge in question. A few articles
were found which discussed some of the problems with this type
of analysis. Verma and Dey's article concerning the analysis
of curved bridges by the finite difference method gave some
information on dealing with the horizontal curvature in the
thesis bridge (Verma, 1990). Meissner and Wibbeler's work
gave some insight into the approximation of the error in
finite element analysis (Meissner, 1990). Though these
articles do give some information on the finite element
modeling the most informative sources were the texts. The
AseE publication edited by Meyer was found to be the most
complete source of information on finite element modeling
(Meyer, 1987) • The articles in this text give excellent
information on how to build a model, as well as, use and
verify it. Another excellent source is Gallagher's text on
finite elements (Gallagher, 1975). Though this book offers
little in the way of practical advise, its description of the
different types of elements is very good.
These were the primary materials found and used in the
research of this thesis.
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2. Analysis Rationale
The primary obj ective of this study was to determine
whether a concrete arch bridge was or was not structurally
sound. To come to some conclusion, it was necessary to gather
information concerning the state of the concrete making up the
bridge. Once this information was gathered, some method of
using these results needed to be developed and executed in
order to derive some reasonably accurate and reliable
conclusions.
2.1 Rationale of Using a Finite Element Method
From the beginning it seemed reasonable to use some type
of finite element modeling to evaluate the bridge. Finite
element modeling, though inexact and subjective, would allow
for the convenient modification of material properties and
loading situations. Finite element modeling is a useful and
powerful tool used in the analysis of highly indeterminate
15
structures. This is especially true when dealing with the
complicated geometry associated with an open spandrel arch
bridge. At the same time the task of defining the geometry of
the existing bridge mathematically leads to errors. These
errors can be minimized through refinement of the mesh, either
through the use of geometrically more suitable or higher order
elements.
This refinement of the mesh makes the analysis more
difficult for the analyst and the computer. Every refinement
requires new input from the analyst and the meshes generally
trend towards greater complexity demanding more and more
computing time. However, ideally this effort does eventually
produce a model with accuracy comparable to that of the
material and loading data. This level of accuracy must of
course exist for every material and load variation intended in
the stUdy.
In this case study, once this adequate model was
constructed, the analysis could be conveniently accomplished
for a different material and load variations. This was very
useful in the evaluation of a deteriorating concrete bridge
because members which diverged significantly from any of the
average material properties in the real bridge could be
likewise modified in the model. Similarly, any abnormal
loadings could also be easily applied to the model assuming it
did not create a situation where accuracy would be
unreasonable.
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For the finite element modeling used in this study the
ADINA software package running on a Cyber/CDC 850 of the
Lehigh University Computing Center, LUCC. This package was
chosen for several practical reasons. First of all, the
package was powerful enough to efficiently support the most
complex mesh needed. Run times were adequately short, five to
fifteen minutes, allowing for quick running and debugging.
Besides having an adequate capacity for the meshes, the
ADINA package also offered all the geometric, material and
loading flexibility necessary to adequately model the
structure. ADINA_IN, the resident pre-processor for ADINA,
offered a variety of node and element definition options in
both two and three dimensions. Both nodes and elements could
be defined individually or in groups. similarly, loadings
could be defined in any direction individually or in groups,
including self-weight.
As well as having an adequate pre-processor, the ADINA
package also offered an excellent post-processor, ADINA_PLOT.
Along with the output facilities at the LUCC, this made
processing of the volumus output data manageable. Finite
element modeling creates a great deal of data which is best
interpreted with the aid of graphical displays. In the case
of a stress analysis the post-processor could display stresses
in two ways directly on the mesh. This ability facilitated
the interpretation of the· stress flows and structural
behavior. Though more suitable programs may exist for an
17
analysis of this type, ADINA was used because it was the best
option available.
2.2 Assumptions Used in the Analysis
In the course of mathematical modeling certain parameters
need to be idealized. For this study certain assumptions were
made regarding geometry which will be discussed in Section
3.1. Other assumptions were also made in other areas which
include simplifications and presumptions concerning the
construction sequence, material properties, boundary
conditions and loading.
2.2.1 Construction Sequence
with any indeterminate structure the construction
sequence effects the distribution of stresses in the structure
due to self-weight. In the case of a concrete structure such
as the arch bridge of concern in this stUdy, these assumptions
concerning construction sequence can be significant.
In cases of cast-in-place concrete structures the
formwork is designed to carry the self-weight of the structure
until the wet concrete achieves adequate strength. When the
concrete is SUfficiently cured the formwork is removed and the
self-weight of the structure is transferred to the structure
itself. The structure, or more precisely that part of the
structure which has cured, picks up any loading that is
released when the formwork is removed.
In stUdying the structure of the arch bridges two major
construction sequences were"" found most probable, A and B.
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Sequence A, assumes that each span was completely cast and set
before any formwork was removed. This would mean that when
the formwork w~s removed both the superstructures and
substructures would be cured. The final effect of this type
of approach would be a transfer of the self-weight into the
entire structure. The self-weight of the structure would be
carried through the combined action of the super- and sub-
structures.
The other possible construction sequence, B, would assume
that the main arch was constructed first and then the
remaining structure was constructed upon it. The formwork
would first be removed after only the main arch had cured,
leaving the main arch to support its own self-weight alone.
The superstructure would then be cast upon this completed
arch. The final resulfWould be a main arch carrying the load
from both its self weight and the superstructure above it. At
the same time, the superstructure would carry only its own
self weight, feeling no effects of the main arch below. There
would be no combined action of the super- and sub-structures.
The assumption of sequence B implied four stages of
construction. In Stage 1 (Fig. 2.2.1.1) there was only wet
concrete in the formwork for the main arch and therefore no
stresses. stage 2 (Fig. 2.2.1.2 ) involves the removing of the
formwork after the main arches had cured. During stage 3
(Fig. 2.2.1.3) the superstructure formwork and wet concrete
would all be loading the main arch and the main arch would
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Figure 2.-2.1.1 stage 1
20
•Figure.2~2.1.2 stage 2
21
,Figure 2~~.1.3 stage 3
22
Figure 2.2.1.4 stage 4
23
be resisting the load alone. At stage 4 (Fig. 2.2.1.4) the
concrete in the superstructure was cured and the
superstructure shoring removed. In this final stage the
superstructure weight was transferred from the shoring.
Both these construction sequences, A and B, were modeled
with some simplifications, by constructing meshes of the part
or the entire structure and then superimposing the self-weight
loads of the structure. This approach assumed not only a
construction sequence, but also that there were no other
influences on the stresses at the time of construction or.
during the life of the structure.
Any creep and/or shrinkage during the life of the
structure was neglected. This was considered a conservative
assumption because both these effects would reduce the
possibility that stresses within the structure would exceed
the compressive strength of the concrete.
Another simplifying assumption was that the shoring was
infinitely rigid. Of course, this was not the case. The
difference between whether the shoring was of finite or
infinite rigidity would impact mainly on the main arch since
it was, most probably constructed in several lifts. If the
lifts were constructed from the base to the top, any
flexibility in the shoring would cause compression at the
lower intrados and tension at the extrados, similar to
cantilevering. If on the other hand the lifts were from the
top down to the base, as was sometimes the procedure, any
24
premature load transfer would depend on the deflected shape of
the form work. Deflection of the formwork could cause
tension, compression or no stress at all at the crown or
anywhere else in the arch. Though, as mentioned, the
flexibility of the formwork was neglected and these
prestressing effects were not considered when analyzing the
results.
2.2.2 Material Properties
In the analysis of a concrete arch bridge a great deal of
assumptions need to be made with regards to material
properties. The results of the analysis depend a great deal
on these assumed material properties. Material properties,
which especially in the case of concrete, can vary a great
deal throughout the structure.
In the original analysis, a uniform value of 2000 Ksi
was assumed for the elastic modulus throughout the entire
structure. This value was arrived at through past experience
and was not of great concern. Though the assumed modulus
might have differed significantly from the actual value, any
error in calculation would only mean errors in the calculated
deflections so far as. the material was essentially elastic.
Also, the errors in deflections would only be a uniform change
in scale proportional to the ratio of assumed to actual
elastic modulus.
The assumption that the' concrete would remain linearly
elastic would not cause significant variance from the true
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behavior of the structure. Though concrete typically shows a
very complicated stress to strain behavior, it is quite linear
when stresses remain in compression and well under crushing
levels. An arch, by design, supports gravity loads through
compression. A massive concrete structure of the 1910 to 1920
era would most likely be proportioned to only sustain low
stresses. Preliminary models showed the entire structure
primarily in compression and stresses well below crushing.
These results supported the linear elastic assumption.
Past experience dictated a Poisson's ratio of about 0.20.
Like the elastic modulus the Poisson's ratio would vary
throughout the structure. The effect of the Poisson's ratio
was not of great concern because even a greatly inaccurate
approximation would not SUbstantially alter the results.
Since a great deal of the modeling was done before the
completion of the material testing a typical density was
assumed. The assumed value, 145 pcf, did not vary
significantly from the actual 151 pcf. Like the other
material properties the density was originally assumed uniform
throughout the structure, though variability was found. Also,
because of the assumption of linear elastic behavior, any
variance in the overall density of the structure would only
cause a proportional variance in the results in stresses,
reactions, deflections.
As mentioned before this concrete arch bridge was a
massive concrete structure and as such certain simplifying
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assumptions can be made while still being conservative. A
simplifying assumption was made to ignore all the steel
reinforcement. The steel reinforcement was found relatively
too light to play a significant role in determining the
distribution of internal stresses. Accordingly, no attempt
was made to include the reinforcement in any of the models.
Another assumption regarding material properties
concerned the thermal response of the structure. The thermal
coefficient of expansion for the concrete was taken as
0.000004 inch/inch-degree-Fahrenheit. This figure, though
typical of normal concrete, could be unconservative. The
coefficient of expansion of concrete varies with several
factors, especially those concerning the mixture. Among these
properties the most significant is the type of aggregate.
Because the type of aggregate could not be determined until
after the completion of petrographic examinations, the typical
coefficient of expansion was used and a very conservative
(large) change in mean temperature was assigned, plus/minus 75
degrees-Fahrenheit. Like the density, the values chosen for
the coefficient of expansion and temperature change will only
change the magnitude of the results proportional to the ratio
of assumed to actual.
The material properties were chosen to give overall
conservative results. Also, as stated above, the simplifying
assumptions generate results Which can be linearly
extrapolated if .the actual. values are found to diverge
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significantly. Some of the material properties could have
been defined more exactly, but this would have been futile.
The point of this study was to reach some conclusion as to the
state of the bridge with reasonable accuracy, nothing more
would have been possible because of the variability of the
concrete present.
2.2.3 Boundary Conditions and Loading
The entire nine spans of concrete arches were modeled
using models of one or three representative spans. These
representative spans were ~nchored in such way as to emulate
the effects of the foundation or adjacent spans. For every
model the base was fixed and the vertical boundaries freed
only to displace vertically.
The base of the model was assumed to be fixed because of
the extremely solid foundation of the bridge. The main arches
of the bridge were found to be supported by piers built up
from the solid bedrock some twenty feet below the ground line.
The base of the real bridge was assumed to be restrained from
any rotation or translation as is the model.
The vertical boundaries of the models were fixed from any
rotation and were allowed only to translate vertically. This
restraint on the vertical boundaries was used to represent the
effect of adjacent spans. Under dead load the spans would be
loaded equally, and therefore, react against each other very
similarly preventing any horizontal movement or in plane
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rotation at the same time the vertical translation would still
be allowed.
These boundary conditions might have restrained the model
beyond what was probably the real situation. Yet not knowing
the actual properties of the foundation and the complexity of
attempting to emulate any more accurately the boundaries would
be j.mpractical.
The loading on the bridge was of two types: gravity and
temperature. The gravity loads were primarily accomplished
through self weight. Self weight loadings were automatically
applied after a density and an acceleration due to gravity had
been defined. In the cases where the weight of the
superstructure had to be applied to the model of only the
Substructure, concentrated loads were placed at the bases of
the spandrel walls. These concentrated loads were calculated
by determining a tributary volume for each wall and then
manually calculating the force.
Temperature loads were assumed to be generated by a
uniform temperature increases. A uniform temperature increase
was not unreasonable for this structure because its thermal
massiveness would prevent daily temperature fluctuation beyond
the first few inches at the surface. A conservative, 75
degrees Fahrenheit was assumed for the seasonal temperature
increase.
The temperature loading was explored with several
different expansion joint configurations. The actual bridge
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was constructed with expansion joints at the ends and quarter
points of the spans, yet it was reasonable to assume that not
all of them were functional. To examine the effects of the
expansion joints on the thermal stresses, different models
were examined. Models were constructed in both one span and
three span configurations, as well as, with complete or
partial expansion joint action (see section 2.3).
2.3 The Models
The following/are descriptions of several of the finite
element models (Fig 2.3 .1a-o) used in the course of this
study. These models were used to examine the stresses due to
dead load during the various stages of construction of the
bridge, effect of the bridge I s horizontal curvature, and
temperature changes. Besides those models described in this
section several others were generated to study convergence of
solutions and mesh refinements and are discussed in a later
section.
1. Model 3D-MA-C-WES
A three dimensional (3D) model of the main arch (MA),
including a 6 degree horizontal curve (C). This was
intended to model the state of stress in the main arch
during stage 3 of the assumed construction sequence, i.e.
when the weight of the entire structure (WES) was acting.
Load was applied to this model in two parts: 1) the
weight of the main arch, distributed uniformly throughout
the volume of each element in the main arch; and 2) the
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weight of the superstructure, applied as a line load
across the width of the arch at the base of the spandrel
walls.
2. Model 30-MA-S-WES
A three dimensional model of the main arch, treated as
being straight (S) in plane. This was intended to model
the state of stress in the main arch during stage 3 of
the construction sequence. The results of this model
were used with those of 3D-MA-C-WES to explore the
influence of the horizontal curve. Load was applied to
this model in the same two part method as for 3D-MA-C-
WES.
3. Model 20-1S-MA-WMA
A two dimensional (20), single-span (lS) model of the
main arch, loaded by the weight of just the main arch
(WMA). This was intended to model the state of stress
during stage 2 of the construction. The results from
this model were used together with the results of 30-MA-
C-WMA and 3D-MA-S-WMA .to explore the influence of the
horizontal curvature and 20 versus 30 analysis. Load
applied to the model consisted of the weight of the main
arch, distributed uniformly throughout the volume of each
element in the main arch (All 20 models had a unit
thickness) •
4. Model 20-1S-MA-WES
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A two dimensional, sinqle-span model of the main arch,
loaded by the weiqht of the entire structure. This was
intended to model the state of stress in the main arch
durinq staqe 3 of construction. The results from this
model were used toqether with the results from models 30-
MA-C-WES and 30-MA-S-WES to explore the influence of the
horizontal curve and 20 versus 30 analysis. Load applied
to this model consisted of two parts: 1) the weight of
the main arch, distributed uniformly throughout the
volume (with unit thickness) of each element in the main
arch; and 2) the weight of the superstructure applied as
concentrated loads on the top of the main arch at the
base of the spandrel walls.
5. Model 20-3S-MA-WMA
A two dimensional, three-span (3S) model of the main
arch, loaded by just the self-weight of the main arch.
This model was intended to approximate the state of
stress during stage 2 of the construction. The results
from this model were used alonq with those from 20-1S-MA-
WMA to explore the influence of the number of spans
modeled, i.e. the boundary assumptions (as discussed in
section 2.2.3). Load was applied to this model in the
same manner as for model 20-1S-MA-WMA.
6. Kodel 20-3S-MA-WES
A two dimensional, three-span model of the main arch,
loaded by the weiqht of the entire structure. This model
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was intended to approximate the state of stress in the
main arch during stage 3 of the construction. The
results from the this model would be used with those from
20-1S-MA-WES to explore the influence of the number of
spans modeled under these particular conditions. Load
was applied to this model the same way as for model 20-
lS-MA-WES.
7. Model 2D-1S-SS-WSS
A two dimensional, single-span model of the
superstructure (5S) on a rigid main arch, sUbjected to
the weight of the superstructure (WSS) , its self weight.
This model was intended to approximate the stresses
induced in the superstructure during stage 4 of the
construction. Load was applied to this model uniformly
distributed throughout the volume (with unit thickness)
of each element of the superstructure.
8. Model 2D-1S-SSEJ-WSS
Same as model 2D-1S-SS-WSS, except that expansion joints
are included in the superstructure at each end of the
span (SSEJ). Load was applied to this model in the same
manner as for model 2D-1S-SS-WSS.
9. Model 2D-3S-SS-WSS
A two dimensional, three-span model of the superstructure
on a rigid main arch, subjected to its self weight. This
model was intended to approximate the state of stress
during stage 4 of the construction. The results from
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this model were used along with those from 2D-1S-SS-WSS
to explore the influence of the number of spans modeled
(as discussed in section 2.2.3). Load was applied to
this model in the same manner as model 2D-1S-SS-WSS.
10. Model 2D-1S-ES-TEMP
A two dimensional, single span model of the entire span
(ES), subjected to a uniform temperature increase of 75
degrees Fahrenheit. This model was intended to model the
stresses induced throughout the structure due to seasonal
extreme temperature change.
11. Model 2D-1S-ESEJ-TEMP
A two dimensional, single-span model of the entire span
with expansion joints at the ends (ESEJ), SUbjected to a
uniform temperature increase of 75 degrees Fahrenheit.
This model was intended to approximate the stresses
induced throughout the structure with expansion joints
due to a seasonal temperature change. The results from
this model would be compared with the results of the
similar model without expansion joints, 2D-1S-ES-TEMP.
12. Model 2D-3S-ES-TEMP
A two dimensional, three-span model of the entire spans,
subjected to a uniform temperature increase of 75 degrees
Fahrenheit. This model was intended to approximate the
stresses induced throughout the structure due to a
seasonal temperature change. The results from this model
were also used along with those from 2D-1S-ES-TEMP to
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explore the influence of the number of spans modeled
without expansion joints.
13. Model 2D-3S-ESEJ-TEMP
A two dimensional, three-span model of the entire spans
with expansions joints and subjected to a uniform
temperature increase of 75 degrees Fahrenheit. The
results from this model were used along with those from
2D-1S-ES-TEMP to explore the influence of the number of
spans modeled with expansion joints.
14. Model 2D-3S-ESAEJ-TEMP
. A two dimensional, three-span model of the entire spans
with additional expansions joints (ESAEJ) and SUbjected
to a uniform temperature increase of 75 degrees
Fahrenheit. The results from this model were also used
along with those from 2D-3S-ES-TEMP to explore the
influence of the number of spans modeled with additional
expansion joints at the quarter points.
15. Model 3D-ES-C-WES
A three dimensional model of the entire structure,
including a 6 degree horizontal curve. This was intended
to model the state of stress in the structure in the case
of construction by Plan A, i.e. when the weight of the
entire structure was applied and interaction was allowed
between the superstructure and main arch.
16. Model 3D-ES-S-WES
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A . three dimensional model of the entire structure,
treated as being straight in plane. This was intended to
model the state of stress in the structure in the case of
construction by Plan A. ( .The results of th~s model were
used with those of 30-ES-C-WES to explore the influence
of the horizontal curve.
17. Model 20-1S-ES-WES
A two dimensional, single-span model of the entire
structure, loaded by the weight of the entire structure.
This was intended to model the state of stress in the
structure in the case of construction by Plan A. The
results from this model were used together with the
results from models 30-ES-C-WES and 30-ES-S-WES to
explore the influence of the horizontal curve and 20
versus 30 analysis.
18. Model 20-3S-ES-WES
A two dimensional, three-span model of the entire
structure, loaded by the weight of the entire structure.
This was intended to model the state of stress in the
structure in the case of construction by Plan A. The
results from this model would be used with those from 20-
lS-ES-WES to explore the influence of the number of spans
modeled under these particular conditions, i. e. the
boundary assumptions (as discussed in section 2.2.3).
Finite element model designation and Figure numbers that
show the finite element mesh arrangements were listed below:
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Model Figure 2.3.1
3D-MA-C-WES (a)
3D-MA-S-WES (b)
2D-1S-MA-WMA (c)
2D-1S-MA-WES (c)
2D-3S-MA-WMA (d)
2D-3S-MA-WES (d)
2D-1S-SS-WSS (e)
2D-1S-SSEJ-WSS (f)
2D-3S-SS-WSS (g)
2D-1S-ES-TEMP/AGG (h)
2D-1S-ESEJ-TEMP/AGG (i)
2D-3S-ES-TEMP/AGG (j)
2D-3S-ESEJ-TEMP/AGG (k)
2D-3S-ESAEJ-TEMP/AGG (1)
2D-1S-ES-WES (h)
2D-3S-ES-WES (j)
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Figure 2.3.1a Finite Element Mesh
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3. Analysis Procedure
Finite element modeling involves several procedure beyond
simply applying loadings to models and reading results. The
models must first be constructed and tested. Model
construction involves the choosing of the proper elements and
geometry, while testing involves the study of convergence and
assumptions. Also, finite element modeling produces a great
deal of information which requires some sort of postprocessing
in order to achieve some useful form. These procedures are
discussed below.
3.1 Descretization
The descretization of the actual structure was the first
important step of using the finite element method. It was
during this phase that the type of elements and geometry was
chosen which most efficiently·approximated the behavior of the
structure in question.
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3.1.1 Elements
The choice of element varied with the type of model,
2D or 3D. The 2D models all used ADINA's plane strain two-
dimensional solid elements. These particular elements had to
be defined in the Y-Z plane. Therefore, the longitudinal
direction of the bridge was defined as the Y-axis and the
vertical as Z. These elements could be defined with three to
nine nodes. Yet, using the least number of nodes, greatly
simplifies input while only slightly reducing accuracy because
bending effects were not significant. Therefore, the typical
element was defined with four nodes, (Fig. 3.1.1.1) but where
triangular elements were needed for transition elements, only
three nodes were used •.
The three node triangular elements were actually four-
node elements with one side collapsed. This was accomplished
by assigning the same global node to both the local element
nodes along a side, a standard procedure in using ADINA (Fig.
3.1.1.2). Because of this peculiarity, some post-processing
options were effected (see Section 3.2). For -an ordinary
analysis using elastic materials, the calculation of stresses
can be requested at nodal points defined in a table, the
stress table points. Stresses can also be requested at the
Gauss integration points (Fig 3.1.1.3). However, in the case
of triangular elements, the· stresses cannot be calculated
anywhere along the collapsed side, including the ends, because
51
sN1
-'---~~-r
N3------------1Nt.
s
N1
_-~Ns2+'----lNZ·
N6
N3"'-'--~~ 1
Nt.
Figure 3.1.1.1 2-D Solid Element (node options)
52
N1
-r---o\-_r
H3..- ~
Nt.
s
N3
N1. Nt.
r
N2--~r--
Nit
s
N3
Figure 3.1.1.2 Degeneration of 2D Quadrilateral Element
53
r 0 2 @·S77 .
Sin:!: O' 517 ..
INR: I, INS:I \
2-POINT INTEGRATION
r
Figure 3.1.1.3 Integration Points of 20 Solid
54
the Jacobian would be singular. This fact limits the
available stress points to a choice between the four
integration points or the two remaining nodes. Another facet
of degenerate elements, both 20 and 3D, was that all the mass
originally assigned to the nodes on the collapsed side would
be allocated to that single node. For this reason a
consistent mass idealization was employed.
The 3D models all used ADINA's three-dimensional solid
element. These elements are designed for situations where the
3D state of stress is required. The elements used are
isoparametric displacement-based finite elements like the 2D
solid elements. Also, like the 20 solid elements, the 3D
solid elements use a variable definition; four- to twenty-node
elements can be used in general 3D analysis. For this
analysis, eight- and six-node elements were used. These
elements were actually extensions of the 20 solid elements of
the simplified models. The eight-node elements were blocks
and the six-node elements were prisms. Like in the triangular
20 elements, the prisms were degenerated rectangular solids
and a consistent mass idealization was employed (Fig.
3.1.1.4). Also, the rectangular solid was a simplification
tolerable because bending effects were minimal.
The order of integration was left at the.default value as
recommended by the ADINA modeling guide. According to the
guide, the default values would be accurate as long as the
structure was not very thin or underwent large deformations.
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ADINA calculated the stresses using the strains at the
point of interest. Hence, they were not spatially
extrapolated or smoothed. In linear elastic analysis, the
basic stress-strain relationship was used.
3.1.2 Geometry
Once the elements were chosen, the complex geometry of
the bridge was translated into separate elements. This
procedure started with a set of scale drawings and produced
both 20 and 3D mathematical models.
The original scaled drawing were a set of four prints
from microfilm showing most of the bridge. The prints
displayed seven of the nine concrete spans at a scale of ~:200
in both elevation and plan. Several of the pier details were
also shown.
As mentioned above, three representative spans were used
to study the stresses in the bridge (spans F,G & H).
Unfortunately, span F was one of the spans missing from the
prints (see Fig. 1.1.2). Because the information from span F
was not available directly, its geometry was assumed to be the
same as span 0, a segment of the same length, 150 feet.
Using the drawings of the three spans, nodal points were
defined ignoring any horizontal curvature. These points were
all defined in the longitUdinal cross-sectional plane of the
bridge. The coordinates of the nodes were calculated using
the dimensions given in most cases. In the absence of
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dimensioning, the drawing's scale was used to determine node
coordinates.
Even though ADINA has several convenient input features,
a majority of the nodes still had to be input individually,
because of the complex geometry. The shape of an open
spandrel arch bridge creates a situation where few lines can
be defined with ADINA's line or area definitions.
Once the nodes were created the elements could be
sketched in for the first span, span F. These sketches would
be used to refine the node placements and these new nodes were
in turn used to better define elements until a primitive mesh
was completed. This crude 20 mesh was then analyzed and
refined until it gave adequate results (see Section 3.3).
When the first span was deemed adequate, the second and
third spans, G &H, were modeled using the level of refinement
and shapes learned from span F. The final products were 20
models of both entire single span and three spans with
geometries close to the actual bridge.
The 20 models were used as the bases for the 3D and
partial models: the main arches or the superstructure alone.
The partial models were created by starting with the entire
span or spans and removing the unwanted parts, while making
the appropriate changes to the boundary restraints.
The 3D models were created by processing the data of the
20 models in a QUATTRO PRO spreadsheet. The spreadsheet was
used to calculate the new node numbers and coordinates as well
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as element definitions. By repeating and connecting the 2D
models at different depths straight 3D models were produced.
Similarly when curve formulas were introduced, these straight
models were conveniently given some degree of curvature. This
was applied to both models of the partial and entire spans.
The final result of these procedures was a collection of
models with imperfect yet adequate accuracy (see sections 2.2
and 3.3).
3.2 Post processing
The ADINA software package offers a great deal of
postprocessing options with its postprocessor ADINA PLOT. The
options include basically two types of commands: listing and
plotting. The listing commands instructs ADINA PLOT to read
through the results from ADINA, searching for and recording
points and values defined by the user. The plotting commands,
on the other hand, create plots of the several types of
results in a variety of formats.
Both the listing and plotting commands were limited by
the type of results available. An ADINA analysis solves only
for the stresses at the integration points or the nodal points
and saves only those results requested in the ADINA input
file. This makes it necessary to run the ADINA twice for each
model in order to get results both at the integration points
and nodes.
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The listing commands used made use of the nodal point
data. Lists were generated for each model of nodes that
exceeded given tension or compression stresses. Lists were
also generated which gave the node number and the deflection
in the X, Y and Z directions for several key points.
Plotting commands were used to plot both stresses and
deflections and deflected shapes. The stresses could be
plotted in two ways: "stress-bands" or "evector" plots. The
stress-bands were color plots of the stresses ADINA PLOT
creates by interpolating between the Gauss stress points. The
bands were defined by designating stress ranges to the five
available colors.
The "evector" command works with the maximum and minimum
principal stresses at the integration points of each element.
When activated the evector command drew sYmbols indicating the
directions and magnitudes of both principal stresses. These
plots were quite useful in creating easily understood and
reproducible plots. Plots which showed stress flows
throughout the structure, even near the boundaries.
Plots of the deflections were plotted using the "lgraph"
command. This command created an x-y graph when two variable
were defined. In the case of this study, the X-axis was
defined as the longitudinal direction of the bridge and the Y-
axis as the deflections. The result of these definitions was
a graph of the deflections along the deck or extrados, at
centerline or elsewhere in the case of 3D models.
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The deflected shape could also be plotted regardless of
the type of analysis done by ADINA. This deflected shape was
superimposed on the original shape and the deflections
magnified to give some indication of the structures behavior.
As mentioned above ADINA PLOT offered a great deal
of postprocessing options. The ones that were used were
chosen because they gave the clearest view of points of
structural behavior of interest. These options were also
chosen because they worked with the type of analysis done with
ADINA.
3.3 Convergence study
The use of the finite element method mandates that some
testing be done to check the adequacy of the model refinement.
This checking involved the comparison of models of various
refinements. Typically deflections or stresses at the nodes
were points of reference for a comparison.
The calculation of stresses at nodal points was a useful
method to identify whether the chosen finite element mesh was
fine enough for the analysis. For sUfficiently fine meshes,
approximately the same stress magnitudes were calculated at a
nodal point whichever element connected to that nodal point
was used, provided there was no stress jumps, concentrated
loads. This difference in stress was checked for several of
the models using the listing commands described in section
3.2. Usually, small stress differences can be tolerated,
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because the stresses are slightly more accurate at the Gauss
integration points.
The stress differences across element boundaries were
also identified by plotting stress-bands, color stress
displays, using ADINA_PLOT (see section 3.2). When using
stress bands the Gauss stress points were used and
extrapolated in ADINA_PLOT to the other material points on the
elements. The stress bands therefore gave some indication of
the type of stress concentrations and discontinuities which
suggested more refinement was needed. Besides the stress-band
plots, the evector option was also used extensively to
determine the presence of any variations in stress flows due
to mesh refinements.
The postprocessing of stress fields was not without its
limitations. Both the stress-band and evector options could
not display the stress information for triangular or prismatic
members as accurately as the rectangular 20 and 3D elements.
Because these members were actually collapsed elements (see
section 3.1.1), ADINA could not perform the necessary
functions to display the stress variance throughout the
element. This means the entire element only displays a single
color, or stress value.
Deflections are always considered a primary consideration
when trying to detect convergence because their accuracy is
greater than those of the stresses. The deflections were
compared between meshes in two ways: "lgraphs" and "lists II •
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The 19raphs, as explained in section 3.2, was used to create
plots of vertical deflections along the longitudinal axis of
the bridge for several models. Lists were used to determine
deflections at key points on the structure. These plots and
lists were used to compared the structural behavior of meshes
of different refinements in an effort to determine
convergence.
By looking at the results of these plotting and listing
some conclusions can be drawn as to the validity of the meshes
used in this stUdy. It should however be kept in mind that
the refined meshes were compared under certain loading
conditions and therefore any validation would apply only to a
similar loading.
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4. Presentation and Discussion of Results
In this sections the results are presented in six
subsections. Each subsection examines the influence of
different factors on the deflections and stresses of the
various models. The intention was to isolate these factors,
so that, together, a comprehensive view of the bridge could be
achieved. Some of the factors isolated include the study of
the convergence of the finite element models, the effect of
horizontal curvature and temperature loadings. The effect of
these isolated factors along with the effects of the self
weight are presented below in various forms.
Using the postprocessing abilities of ADINA and the
calculating and graphing functions of QUATTRO PRO, three
different types of results were presented: deflection graphs,
tabulated stresses and figures of Evector plots (described in
section 3.3).
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The deflection plots were graphs of the vertical
deflection of points along the deck versus their position
along the longitudinal axis of the bridge. In the cases of
the arch models, where there were no decks, the deflections
were graphed similarly, but points along the top of the main
arches were used. These graphs showed not only the
deflections along the centerline, but also the deflections
along the inside and outside for the 3D models.
stresses at specific points (see Fig. 4.0.1) were
calculated and tabulated. These nodal point stresses were
interpolated from those given at the integration points of
near by elements. The stresses from the integration points
were entered into a spreadsheet program along with geometric
information, and then the stresses of interest were calculated
and tabulated.
It should be mentioned that the stresses at the points of
interest were not always the highest stresses at that
location. For the points along the top of the deck and crowns
the longitudinal stresses were used. At these locations only
longitudinal stress could exist, because only two dimensions
were considered. At the bases and spandrel point, the
vertical stresses were used because they were the largest
stresses under gravity load.
The Evector plots as described in the previous chapter,
give a display of the principal stresses and their directions.
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Figure 4.0.1 Points of Interest
These plots were done for every primary model and are also
displayed in this section.
4. 1 Convergence study
In an attempt to access the validity of the results of
the finite element models the deflections of several models
were examined. The goal was to isolate the effect of mesh
refinement, in essence, determine how close the models were to
converging on a true solution. Three, 20 single span meshes
which incorporated three levels of mesh refinement were
examined. Also, two 20 three span meshes and four 3D one span
meshes with different refinements were examined as well.
The three single span meshes were designated lA, 1B, and
1Ci 1C being the most refined (Fig. 4.1.1-2). 1B was the mesh
used directly or indirectly, in the form of arch models, for
all the one span models (see section 2.3).
The deflection patterns of all three of the single span
meshes were very similar (Graph 4.1.1). As can be seen by
graphing the deflections at the decks and the maximum
deflections versus number of elements, the difference between
the mesh.es was only around 7 percent (Table 4.1.1).
The two three span 20 meshes were designated 3A and 3B;
3B being the more refined (Fig. 4.1.3). Like 1B, 3B was the
mesh used directly or indirectly for all the three span
models. Both these meshes, 3A and 3B, gave very similar
deflection patterns (Graph 4. ·1.2 & Table 4. 1. 2) •
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II ELEMENTS DEFLECTION % MAXIMUM
MESH 1A 130 -.1385 93%
MESH 1B 144 -.1389 93%
MESH 1C 245 -.1492 100%
Table 4.1.1
II ELEMENTS DEFLECTION ~ MAXIMUM0
MESH 3A 362 -.1378 99%
MESH 3B 376 -.1385 100%
Table 4.1. 2
The four one span 3D meshes were designated 3dA through
3dDi 3dD being the thickest and most complex (Fig. 4.1.4).
Only the final mesh 3dD was used directly or indirectly for
any of the 3D one span models. All these meshes gave very
similar deflection patterns (Graph 4.1.3-6 & Table 4.1.3),
though there was a definite trend toward less deflection with
thicker crossection. The maximum def lection dropped
approximately 10 percent as the crossection went from 12
inches to 360 inches.
71
~
0·0·
0 olD • ..0
.; OOONONr-_
:z
C'<!..nN_
8 z>czx
'" ~~~~
'"'"
)(x>o>-
>
3~ ..J~
."D Gf~r;l ~ 0
'" N~~
o _
~
~
F~~e 4~1.3 Mesh3B
..
72
o-0.02
-.
5-0.04
z
Q -0.06
I-
~~ -0.08
z
~ -0.1
l-
I -0.12
N
-0.14
-0.16
o
THREE SPANS 20
DEFLECTION COMPARISON
1000 2000 3000 4000 5000
, y-COORDINATE (IN)
~3B -+-3A
Graph 4.1.2
73
6000
0 <Q'll"0'>C7'
IQI""lr-N
...... Ll'IlJ)
Z
ZX:Z:X:3
~ ~~~~0: ~X>-o>-oOl
> ~
... U ..>
gil ~
':"'" ~toC">ZOl 0: 0
08 o ~
.::1:
~
C
oC
."
Figu+e 4.~.4 .Mesh 3dA
74
1- 12 INCH CURVED LAYER
DEFLECTIONS
a
-0.02
-a -<l.04
§ -<l.06
l-
e{~ -().OB
z
e{ -0.1
a::
l-
I -().12
N
-().14
-0.16
200 400 600 BOO 1000 1200 1400 1600 1800 2000 2200
Y-COORDINATE (IN)
--m- OUTSIDE --+- INSIDE
Graph 4.1.3
75
1 - 90 INCH CURVED LAYER
DEfLECTION
o
~.02
-e~.04
§ ~.06
l-
e(
~ ~.08
z
~ -0.1
l-
I ~.12
N
~.14
~.16
200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Y-COORDINATE (IN)
-m- OUTSIDE --+- INSIDE
Graph 4.1. 4
76
2 -60 INCH CURVED LAYERS
DEFlECTIONS
o
-0.02
-.
.e -0.04
§ -0.06
I-
~ -0.08
z
oC{ -0.1
0:
l-
I -0.12
N
-0.14
-0.16
200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Y-COORDINATE (IN)
-m- OUTSIDE~ CENTER -.- INSIDE
Graph 4.1.5
77
4-90 INCH CURVED LAYERS
DEFLECTIONS
o
-0.02
-e-o.04
§ -0.06
t-
~ -0.08
z
~ -0.1
to-
I -0.12
N
-0.14
-0.16
200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Y-COORDINATE (IN)
-m- INSIDE ~ CENTER -->IE- OUTSIDE
Graph 4.1.6
78
LAYERS DEFLECTION % MAXIMUM
MESH 3dA 1-12 IN. -.1591 100%
MESH 3dB 1-90 -.1490 94%
MESH 3dC 2-60 -.1459 92%
MESH 3dD 4-90 -.1433 90%
Table 4.1.3
Through an examination of the deflection patterns of the
different 2D and 30 meshes created, very little variation was
found. The magnitude of deflection was very low. The
variation was consistently below 15 percent of the maximum
value though the number and configuration of elements was
changed substantially.
4.2 Results and Discussion of Models of Entire Spans
This section presents the results associated with models
of entire spans, main arch and superstructure combined. Both
2D and 3D models will be discussed. As stated above, models
were constructed to isolate the effects of the simplifications
associated with the 20 models. These effects come from the
simplified boundary conditions and the absence of the
horizontal curvature associated with the 20 models.
4.2.1 Comparison of Single and Three Span Models
A comparison of the stresses in the first span of the
primary 20 models showed a close agreement of both stress and
79
deflection patterns. These comparison models were generated
using the one span and three span meshes of the entire
structure discussed earlier (Section 4.1).
An examination of the stresses of a single span model
(lB) along with those of the first span of a three span model
(3B) was done to isolate the effect of the defined boundary
condition (Table 4.2.1). By looking at single and three span
models, both spans bound by defined support conditions and
adjacent spans could be compared • This comparison showed that
the imposed vertical boundaries of the models have a minimal
effect. In fact, the agreement between the stresses of the 1B
and 3B were almost all found to be within 10 percent of the
larger. The only exception was the difference at the
spandrel, which was found to be about 23 percent. This
inconsistency of stress readings at the spandrel could be due
to the procedure in accessing the stresses at this particular
location. The magnitude of stresses were very low.
CENTER LEFT BASE CROWN SPANDREL
1 SPAN -93 psi 149 -390 -44 -24
3 SPAN -98 142 -377 -47 -31
DIFFERENCE +5% +5% -3% +7% +23%
Table 4.2.1
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An examination of the Evector plots (fig. 4.2.1-2)
collaborated the tabulated results. An examination of these
plots showed that the stress fields in the first spans of
either model was very similar, and that in fact the stress
fields of all the spans were very similar.
The deflection patterns also showed that the three span
and single span models reacted similarly. The individual
deflection patterns were presented in a previous section
(section 4.1). In this section, the deflection patterns of 1B
and 3B were graphed together in order to make some comparison
(Graph 4.2.1). It should be noted that this comparison showed
that the defined boundary condition of a single span did not
produce exactly the same results as the first span of the
three span model. It should also be noted that, like the
stress comparison, the differences found here were also
slight.
4.2.2 comparison of Curved and straight Models
Both curved and straight models were constructed in 20
and 3D to evaluate the effect of horizontal curvature. The
results of the 20 models were presented above. In this
section, the results of the 3D models will be presented and
comparisons discussed.
In an attempt to isolate the effect of horizontal
curvature the stresses, at location of interest, were tabulate
for the 3D models. These tabulations recorded the stresses at
81
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the centerline as well as the sides of the bridge, inside and
outside of the curve.
The table of stresses from the straight model (Table
4.2.2) showed a negligible difference between the inner and
outer sides. The maximum stress was less than 400 psi. The
table of stresses from the curved model (Table 4.2.3), on the
other hand, showed a notable effect from the curvature. In
fact, the influence of horizontal curvature increased the
stress at the edges between 2 and 15 percent compared to the
centerline depending on the location. The stresses at the
centerline, on the other hand, changed very little if at all
between the curved and straight models (Table 4.2.4).
CENTER LEFT BASE CROWN SPANDREL
OUTSIDE -93 psi 156 -394 -45 -23
CENTER -94 152 -392 -42 -24
INSIDE -93 156 -394 -45 -23
Table 4.2.2 straight
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CENTER LEFT BASE CROWN SPANDREL
OUTSIDE -103 psi 176 -390 -46 -25
CENTER -93 153 -393 -41 -23
"$J
INSIDE -81 139 -401 -42 -23
increase 11% 15% 2% 12% 9%
Table 4.2.3 curved
The stress and deflection patterns show similar results
of comparison to the stress readings. The evector plot for a
3D model (Fig 4.2.3) showed a stress pattern similar to those
found for the 2D models.
The graphs of the deflections along the deck of the
straight and curved 3D models (Graph 4.2.2-3) showed the very
similar results. The straight model showed no difference
CENTER LEFT BASE CROWN SPANDREL
20 -93 psi 149 -390 -44 -24
straight -94 152. -392 -42 -24
curved -93 153 -393 -41 -23
Table 4.2.4 comparison
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between the center and the sides while the curved showed a
small effect. Also, a comparison of the deflections along the
centerline for the 20 and 3D models showed very close
agreement (Graph 4.2.4).
4.3 Results and Discussion of Main Arch Models
This section presents the results associated with main
arch models, that is, models of the main arch with the
superstructure not contributing to the resistance. Both 20
and 30 models will be discussed. Like the previous section,
models were constructed to isolate the effects of the
simplifications associated with the 20 models. However, in
the cases of the main arch, models were also constructed to
evaluate the difference in stresses at different phases of
construction. This means that the stresses were evaluated
both when the arch was subjected to just its own weight and
when the weight of the total structure was acting.
4.3.1 comparison of Single and Three Span Models
Like the models of the entire structure, the stresses
were tabulated to determine the effect of the defined boundary
conditions. The stresses were presented for specific points
of interest for one span and three span arch models (table
4.3.1a-c). Table 4.3.1a show~d that the stresses were very
low, and there was very little effect on the indicated
90
ENTIRE FIRST SPAN
2D vs 3D DEFLECTION COMPARISON
o
-Q.02
-e -i1.04
§ -i1.06
l-
.e{~ ~.08
~ -0.1
l-
I ~.12
N
-Q.14
-Q.16
200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Y-COORDINATE (IN)
-a- 3D CURVED --+- 3D STRAIGHT"""*- 20 MODEL
Graph 4.2.4
91
stresses from boundary condition, except at the spandrel
under total weight.
BASE 1 CROWN 1 SPANDREL
..
ONE SPAN TOTAL WEIGHT -401 -391 -147
THREE SPANS TOTAL WEIGHT -393 -394 -106
ONE SPAN SELF WEIGHT ONLY -167 -140 -48
THREE SPANS SELF WEIGHT -170 -136 -50
Table 4.3.1a span 1
BASE 2 CROWN 2
THREE SPANS TOTAL WEIGHT -275 -351
-
THREE SPANS SELF WEIGHT -101 -115
Table 4.3.1b span 2
BASE 3 CROWN 3
THREE SPANS TOTAL WEIGHT -176 -347
THREE SPANS SELF WEIGHT -79 -104
Table 4.3.1c span 3
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An examination of the evector plots collaborated the
tabulated results (Fig. 4.3.1-4). An examination of these
plots showed that the stress fields in the one span models was
very similar to that of the first span of the three span
model. It was also found that the stress fields of all the
spans were very similar. The difference between the total
load models (Fig. 4.3.1-2) and the self weight models (Fig.
4.3.3-4) was only the magnitudes of the stresses not the
stress patterns themselves. The magnitudes of stress due to
the total weight were about three times of those due to the
self weight, with a maximum value of 401 psi in Table 4.3.1a.
The deflection patterns also showed that the three span
and single span models reacted similarly. In this section,
the deflection patterns of the total and self weight cases
were graphed together for both the one and three span models
in order to make~ome comparison between the deflections due
to self and total weight (Graph 4.3.1-2). It could be seen
from these plots that the main arch deflected approximately
three times more under the total weight as compared to the
self weight alone. It can also be noted that under self
weight deflection there was a clear correlation between span
length and deflection that longer span had higher deflection.
This relationship does not exist under total loading.
Graphs were also made to show the difference in
deflections between similarly loaded first spans from the one
span and three span models (Graph 4.3.3-4). This comparison
93
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showed that the defined boundary condition did not produce
exactly the same results as the effect of an adjacent span,
but did come very close for both the total weight (Graph
4.3.3) and self weight cases (Graph 4.3.4). It should also be
noted that, like the stress comparisons the differences found
here between the one and three spans were also very slight.
4.3.2 comparison of Curved and straight Models
Both curved and straight models were constructed in 20
and 3D to evaluate the effect of horizontal curvature. The
results of the 2D models were presented above. In this
section, the results of the 3D models will be presented and
comparisons discussed.
In an attempt to isolate the effect of horizontal
curvature the stresses, at location of interest, were tabulate
for the 3D models. These models include both self weight and
total weight loadings. The stresses were recorded at the
centerline, as well as, the sides of the bridge, inside and
outside of the curve.
The table of stresses from the straight model (Table
4.3.2) showed a very small negligible difference between the
center and the sides. The table of stresses from the curved
models under total and self weight (Table 4.3.3-4), on the
other hand, showed a notable effect from the curvature. In
fact, the curvature increased the stress at the edges between
100
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3 to 14 percent from that at the centerline, depending on the
location and the loading. The maximum magnitude of stress
was 433 psi in Table 4.3.4, due to total weight.
The stresses at the centerline of the main arch showed
good agreement between the 3D straight and curved models, but
not with the 2D model at the spandrel (table 4.3.5). A
comparison of the stresses at the bases and crowns came within
6 pe~cent, but the spandrel stress was almost 50 percent
higher in the 2D model compared to the 3D models. This
discrepancy was caused by the concentrated loads at that
point.
BASE 1 CROWN 1 SPANDREL
OUTSIDE OF CURVE -382 -410 -100
CENTERLINE OF CURVE -378 -403 -103
INSIDE OF CURVE
-382 -410 -100
Table 4.3.2 Straight-Total
The graphs of the deflections along the top of the arch
of the straight and curved 3D models (Graph 4.3.5-6) showed
comparable results, as did the stresses. The straight model
showed no difference between the center and the sides while
the curved showed a small effect. Also, a comparison of the
103
deflections along the centerline for the 2D and 3D models
showed very close agreement (Graph 4.3.7).
BASE 1 CROWN 1 ~DREL
OUTSIDE OF CURVE -332 -427 -102
CENTERLINE OF CURVE -380 -401 -99
INSIDE OF CURVE -433 -388 -91
STRESS INCREASE 14% 6% 3%
Table 4.3.3 Curved-Total
BASE 1 CROWN 1 SPANDREL
OUTSIDE OF CURVE -149 -148 -48
CENTERLINE OF CURVE -168 -139 -46
INSIDE OF CURVE
-189 -134 -43
STRESS INCREASE 13% 6% 4%
Table 4.3.4 Curved-Self
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BASE 1 CROWN 1 SPANDREL
STRAIGHT TOTAL WEIGHT -378 -403 -103
CURVED TOTAL WEIGHT -380 -401 -99
20 TOTAL WEIGHT -401 -391 -147
Table 4.3.5 Centerline Comparison (Total)
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4.4 stress in superstructure
This section presents the results of the study of the
superstructure on rigid main arches models, that is, models
where the main arch was given a modulus of elasticity several
orders of magnitUde greater than the superstructure. Like the
previous sections, models were constructed to isolate the
effects of the simplifications associated with the 20 models.
However, in this case models were also constructed to evaluate
the difference in stresses due to the introduction of
expansions joints.
Like the models of the entire structure the stresses were
tabulated to determine the effect of the defined boundary
conditions. The stresses were presented for specific points
of interest for one span and three span arch models (Table
4.4.1). This tabulation showed that there was a large effect
on the indicated stresses, in terms of percentages, for a
single span and one span in the three span model. However,
the actual stresses were very low in magnitUde. Introduction
of expansion joints at the 1 span and 3 spa models reduced the
stresses at the ends of the span.
An examination of the evector plots collaborated the
tabulated results. An examination of these plots showed that
the stress fields in the one span models (Fig. 4.4.2-3) was
very similar that in the first span of the three span model
(Fig 4.4.1). It was also found that the stress fields of all
the spans were very similar. The difference between the
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models with and without expansion joints was minimal.
CENTER LEFT SPANDREL
3 SPAN MODEL 3.9 psi -10.1 -15
1 SPAN MODEL 3.0 -7.2 -13
1 SPAN {EXP. JTS. } 5.4 -3.0 -12
Table 4.4.1
The deflection patterns also showed that the three span
and the two single span models reacted similarly. The
deflection patterns of the first span of the three models were
graphed together in order to make some comparison (Graph
4.4.1) • It could be seen from these plots that the
deflections along the deck of the superstructure were very
small. It can also be noted that for all three cases the
deflection were essentially equal with very small difference
at the piers.
A graphs was also made to show the difference in
deflections of the superstructure from span to span {Graph
4.4.2}. This comparison showed an effect similar to that of
the dead load of the entire structure on the main arches
{Graph 4.3. 2}. In both cases, the deflection was not a direct
function of the span length~ The deflections of the short
span were consistently greater than those of the middle span,
113
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but less than those of the long span. This result of
computation was probably due to the fact that the spandrel
wall thicknesses of the spans were not all proportioned the
same.
4.5 Thermal stresses
The models used to investigate the thermal stresses in
the bridge investigated two areas: the single span versus
three span effect and the influence of expansion joints. In
all, the results of five thermal models were studied by
calculating the stresses at several representative points on
each span. A uniform increase of 75 degrees Fahrenheit was
imposed.
The single span models studied included one without
expansion joints and another with expansion joints at the ends
(2D-1S-ES-TEMP & 2D-1S-ESEJ-TEMP). Both these models produced
very low stresses (Table 4.5.1). In terms of percentage
change, the effect of the expansion joints was quite
noticeable; dropping the compressive stresses everywhere at
least 30 percent, except at the base.
The results of the three span models were very similar to
those of the single span models (Table 4.5.2a-d). The stress
magnitudes were very low. The introduction of expansion
joints reduced the compressive stresses everywhere, except at
the base (Table 4.5. 2c). The introduction of expansion joints
at the ends had the greatest individual effect. The
116
additional expansion joints at the quarter points of the deck
only reduced the stresses in there immediate vicinity.
CENTER LEFT BASE CROWN SPANDREL
2D-1S-ES-TEMP -6.7 -19 -4.7 -4.9 -6.4
2D-1S-ESEJ-TEMP 4.4 0.0 -4.8 -1.5 -2.5
STRESS DROP 166% 100% -2% 69% 61%
Table 4.5.1
CENTER 1 CENTER 2 CENTER 3
2D-3S-ES-TEMP -6.8 -6.8 -6.8
2D-3S-ESEJ-TEMP 4.0 3.1 1.8
2D-3S-ESAEJ-TEMP .43 .34 3.4
STRESS DROP 106% 104% 150%
Table 4.5.2a
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LEFT 1 LEFT 2 LEFT 3 RIGHT 3
2D-3S-ES-TEMP -15.7 -16.6 -13.8 -14.2
2D-3S-ESEJ-TEMP 0.0 -2.9 -3.4 .24
2D-3S-ESAEJ-TEMP 0.05 -2.9 -3.3 2.8
STRESS DROP 100% 83% 76% 120%
Table 4.5.2b
BASE 1 BASE 2 BASE 3
2D-3S-ES-TEMP -1.1 -3.7 -3.1
2D-3S-ESEJ-TEMP -2.9 -1.9 -1.4
2D-3S-ESAEJ-TEMP -2.6 .64 -3.8
STRESS DROP -136% 117% -23%
Table 4.5.20
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CROWN 1 CROWN 2 CROWN 3 SPANDREL
2D-3S-ES-TEMP -4.0 -4.3 -12.0 -8.0
-
2D-3S-ESEJ-TEMP -1.4 -1.7 -6.3 -1.8
2D-3S-ESAEJ-TEMP -.12 -.83 -6.1 -1.6
STRESS DROP 97% 81% 49% 80%
Table 4.5.2d
It should be kept in mind that these stresses were due to
thermal loading alone not gravity loads, though the evector
plots (Fig. 4.5.1-5) look very similar to those of the gravity
loadings of the same meshes.
The evector plots gave some very interesting insight into
the behavior of the bridge under thermal loading. It should
be noted that the primary stress at the base was difficult to
monitor because of its inclined direction. The magnitudes
given throughout this report only took into account the
vertical stresses at the bases, but in the case of thermal
loading the primary stressing in the base was approximately 75
degrees to the vertical. It should be noted that this was
only the case at the base points. All the other points of
interest were stressed primarily in the same direction under
both gravity and thermal loadings.
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4.6 stresses Due To Expansive Aggregate
The effects of expansive aggregate were considered to be
similar to that of an increase in temperature. The stresses
due to expansive aggregate were calculated using the same
meshes as the thermal models. Because of this, the results
were the same as those from the thermal models in every way
except magnitude.
The stresses for the extreme expansive aggregate case
have been tabulate for both the single span (Table 4.6.1) and
the three span (Table 4.6.2a-d) cases with and without
expansion joints. The expansive property of free standing
concrete cores from the bridge was equivalent to 24,375
degrees-Fahrenheit temperature change (Urban, 1992). These
tabulated results were presented here to give some indication
of the theoretical severity of the material effect.
Again, the expansion joints gave a great deal of stress
relief, as with the thermal model. In fact, all the stress
drops were of the same percentage corresponding to the thermal
effects.
CENTER LEFT BASE CROWN SPANDREL
2D-1S-ES-AGG -2178 -6475 -1528 -1593 -2080
2D-1S-ESEJ-AGG -1430 -0.0 -1560 -488 -813
STRESS DROP 166% 100% -2% 69% 61%
Table 4.6.1
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CENTER 1 CENTER 2 CENTER 3
2D-3S-ES-AGG -2210 -2210 -2372
2D-3S-ESEJ-AGG 1300 1008 585
2D-3S-ESAEJ-AGG 140 111 1105
STRESS DROP 106% 104% 150%
Table 4.6.2a
LEFT 1 LEFT 2 LEFT 3 RIGHT 3
2D-3S-ES-AGG -5103 -5395 -4485 -4615
2D-3S-ESEJ-AGG 0.0 -943 -1105 78
2D-3S-ESAEJ-AGG 16 -943 -1073 917
STRESS DROP 100% 83% 76% 120%
Table 4.6.2b
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BASE 1 BASE 2 BASE 3
2D-3S-ES-AGG -358 -1203 -1008
2D-3S-ESEJ-AGG -943 -618 -455
,
2D-3S-ESAEJ-AGG -845 208 -1235
STRESS DROP -136% 117% -23%
Table 4.6.2c
The models for the expansive aggregate also produced the
same evector plots as the thermal models (Fig. 4.5.1-5),
because there loadings were identical except for magnitude.
The stresses for the expansive aggregate were 325 times those
created by thermal loading.
CROWN 1 CROWN 2 CROWN 3 SPANDREL
2D-3S-ES-AGG -1300 -1398 -3900 -2600
2D-3S-ESEJ-AGG -455 -553 -2048 -585
2D-3S-ESAEJ-AGG -39 -270 -1983 -520
STRESS DROP 97% 81% 49% 80%
Table 4.6.1d
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5. Discussion and Conclusions
After completing the development of the analysis
procedure for the bridge and reviewing the results, several
conclusions can be drawn. The study allows for certain
jUdgements to be made concerning the modeling procedure and
the effects of the different influencing factors. A review of
the results also leads to conclusions concerning the adequacy
of the bridge structure and possible areas of future study.
5.1 Adequacy of Procedure
The analysis procedure, as outlined in chapter 3,
satisfactorily produced the models required for the bridge's
analysis. Through the use of different meshes, boundary
conditions and geometries, basic models were tested for
convergence and the effects of the boundaries and geometry
were evaluated. These basic models were then found to produce
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acceptable results for the variety of situations examined.
5.1.1 Convergence
The testing of convergence revealed that the proper
refinement had been achieved for both 20 and 30 models. The
results of the single span models (Table 4.1.1 and Graph
4.1.1) revealed that the difference between the results of the
different refinements was less than 10 percent. Because of
this small difference and the low magnitude of stresses in the
bridge structure the moderately refined mesh model 1B could be
used as a basis for many of the models.
When mesh 1B was expanded to three spans and again
refined the difference between the refinements was again small
and so it can be concluded that the resulting three span model
was also close to convergence. It could be argued that
further refinement of the three span model could have produced
a greater variance from the original model. However, it can
be seen from the three span comparison (Table 4.1.2) that
though the difference between the refinements was substantial
the difference between their results was not.
When mesh 1B was expanded into the third dimension, it
became evident that the 30 models would have to be of a
thickness close to that of the actual bridge in order to
produce results close to those of the 20 models. A
sUbstantial change in the thickness of the meshes resulted in
substantial changes in maximum deflection until the actual
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thickness was approached (Table 4.1.3). Therefore, the
convergence of the thickness was near the actual thickness of
the structure. This meant that any of the 2D and 3D models
would have to be of refinement close to that of lB. This also
meant that in the case of 3D models, the meshes would have to
be of a thickness close to the actual thickness of the bridge.
5.1.2 Boundary Conditions
The evaluation of the different models revealed that the
simplified boundary conditions assumed at the ends of the
spans did not alter the results significantly. A comparison
of the 1 span and 3 span models for every type of model showed
very little difference between the effect of the boundary
condition, which allowed only vertical translation and that of
an adjacent span.
The difference between the ends of the spans with or
without the adjacent span was revealed as a difference in
deflections and stresses (i.e. Table 4.2.1 & Graph 4.2.1).
These differences indicate that the assumptions of locked
longitudinal translations at the ends of the spans were more
restrictive than the effect of an adjacent span.
It should be pointed out that the difference between the
1 span and 3 span models tends to exaggerate the difference
between the boundary conditions of the first span, by removing
the symmetry which actually exists in the bridge.
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5.1.3 Geometric Simplifications
The geometric simplifications (i.e. negligence of
horizontal curvature) used in developing the models of this
analysis produced substantial effects in both the models of
the main arch and entire structure. The comparison between
the straight and curved models showed that horizontal
curvature produces very little difference in deflection or
stress patterns at the centerline. However, noticeable
difference in the deflections and stresses were found through
the width of curved models.
Along the centerline of the 30 models, the analysis found
that the values for deflection and stresses were all about the
same as those of the 20 models. This result validates the
plane strain assumption made when choosing the type of element
to be used. This result means that the 20 model is adequate
for study the stresses along the centerline of the bridge.
The 20 model may, however, not be adequate for the
determination of stress away from the centerline of a curved
section. The results showed that a difference in stresses
from the centerline to the edge of the bridge could be as high
as 15 percent. This effect of curvature varied in both
magnitude and direction of stresses depending on the
longitudinal position of the point in question. It could
therefore be concluded that a uniform factoring of the 20
stresses along the centerline would not be able to mimic the
variable effects of curvature· along the edges. For the most
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accurate approximation of the stresses due to curvature a 3D
analysis must be done.
5.2 Effects of Influencing Factors
The models used in this analysis isolated several of the
factors which effected the deflection and stress patterns of
the bridge in question. These factors included the
construction sequence, material properties and condition of
the expansion joints. By isolating these factors conclusions
were drawn about what situations would cause the most severe
stresses or deflection of the bridge.
5.2.1 Construction Sequence
After reviewing the results of the two possible methods
of construction the second or staged construction method was
jUdged to be the favorable method of construction for this
bridge. The staged construction method was also found to give
the most severe loading scenario, although the magnitude of
stresses in the bridge of study was quite low.
The first method, the construction of the entire span as
a single monolithic structure before removing the formwork of
the main arch would result in an inefficient use of the
bridge •s material. The monolithic construction created a
situation where the superstructure and the main arch
interacted upon removal of the formwork (Fig 4.2.1). This
interaction caused the deck and spandrel walls to be
substantially stressed, before the live load was even applied
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(Section 4.2). The principle stresses in the deck and
spandrel walls were above 100 psi, as compared to the 20 psi
by staged construction.
The second method or staged construction by which the
main arch served as the support for the construction of the
superstructure, made a more efficient use of the material.
Because construction in stages meant little interaction of the
superstructure with the main arch, the dead load produced very
little stress in the superstructure, less than 20 psi, leaving
a majority of its capacity for the live load. At the same
time, the main arch of the bridge of study was loaded to a
level where the arch's massive size was being used
effectively. (Sections 4.3 & 4.4)
5.2.2 Material Properties
The preliminary estimations which led to the assumptions
concerning material properties were found to be accurate. The
stresses in the structure were found to be low enough, less
than 20 percent of the concrete's strength, that the
assumption of a linear elastic behavior from the concrete was
valid.
Because the behavior of the bridge was assumed to be
linear elastic, the stresses calculated could be adjusted by
a factor if there was a large difference between the assumed
and actual values of elastic modulus. The factor would simply
be the ratio of measured to assumed values. The petrographic
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examinations, done as part of the field inspection of the
bridge, revealed that the actual Young's Modulus and density
were both close to the those assumed, 2000 ksi and 145 pcf,
respectively. No adjustment was needed.
The thermal coefficient of expansion suggested by the
petrographic examination was found to be 2.5 times higher than
the assumed coefficient (0. 4E-5 vs. 1.0E-5 in/ in-degree-
Fahrenheit), but the assumed extreme temperature load, +/- 75
degrees-Fahrenheit, was large enough to compensate. If deemed
necessary, the temperature load stresses could be multiplied
by a simple ratio to adjust for any discrepancies between
assumed and measured, analogous to the adjustment of dead load
stresses.
The Poisson's ratio of concrete was not verified by any
field test at this bridge, but the stress pattern indicates
that any difference between the assumed and actual poisson's
ratio would have a minimal effect on the final results. As
can be seen from the evector plots, the stress patterns of
this bridge indicate that, in most cases, the maximum
principle stress dominates the minimum principle stress by an
order of magnitude. Thus any error in the Poisson's ratio
would have an effect of less than an order of magnitude on the
results of analysis in this study.
None of these material property values were defined with
complete certainty, but it was shown that all the values were
defined with enough accuracy as to preserve the reliability of
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the final results.
5.2.3 Expansion Joints
The influence of the expansion joints was another factor
which effected the computed stress and deflection patterns in
the bridge. Three possible scenarios were stUdied, because no
information was available on the condition of these joints.
Each scenario revealed the effect of a partiCUlar level of
stress control.
It was found that in the case of dead load stresses, the
effect of expansion joints was a decrease in compression in
the superstructure. The increase in tension throughout the
superstructure was small, less than 5 psi. However,
proportionally this is not very small when compared with the
magnitude of stresses in the superstructure. All computed
stresses were less than 20 psi, when the method of staged
construction was assumed and there were no expansion joints
(Section 4.4).
Under the extreme temperature and expansive aggregate
loading, the expansion joints produced a relatively dramatic
drop in stresses. The use of expansion joints lowered the
stresses throughout the structure with the exception of the
base of the arches.
In cases of large thermal loadings (Section 4.5),
functional expansion joints only at the ends of the spans were
more than ,adequate. The addition of extra expansion joints at
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the quarter points of the spans did reduce the stresses
further, but not substantially and therefore could be seen as
unnecessary (Table 4.5.2).
Similarly, with the loading from expansive aggregate
(Section 4.6), the expansion joints at the ends SUbstantially
reduce the stresses and the additional expansion joints had
little effect (Table 4.6.2). However, the extreme condition
of expansive aggregate assumed for this study was capable of
producing stresses of such magnitude (over 6000 psi) that the
additional expansions may be necessary.
5.3 Stress in Bridge
This study found that the bridge carried its own weight
and other static loadings very efficiently and easily. In
total, the stresses were found to be mostly compressive and
very low, less than 500 psi, and well within the limits
determined from laboratory testing, 1700 psi. This means
under normal loading the bridge should be considered safe.
5.3.1 Dead Load
As was mentioned above the influence of the construction
sequence and other assumptions made in the modeling process
were all explored and their most detrimental effect on the
stresses due to dead load determined. The stresses from the
most severe cases were still very low and mostly in
compression (Section 5.2). There were two reasons for this
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favorable state of stresses: the bridge's design and way of
deteriorating.
The bridge was designed to support very heavy loads with
concrete. This was accomplished through the arch design and
construction sequencing. The arch design and construction
. created a situation where, under dead load there was very
little stress in the superstructure, less than 20 psi, and
only a moderate amount, less than 400 psi, in the main arch
and piers. This was originally done so that the bridge could
withstand heavy live loads; and this was later useful for
mitigating the effects of deterioration.
The surface deterioration found over much of the
structure did not begin to reduce significantly the capacity
of the bridge for its own dead load. Although the
superstructure lost a great deal of section, it was under very
little stress. On the other hand, the main arches and bases
lost relatively little section and was found sUbj ect to
moderate stresses. As a result of this favorable situation,
there is no need to compute the largest stresses in the
structure by incorporating deteriorated elements in the
analytical models. The computed dead load stresses would
still be very low.
The computed stresses in the structure were all found to
be well within the limits determined from the laboratory
testing. The testing showed that the concrete was only
severely deteriorated on the surface and most of the material
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was still very sound. This meant that not only the surviving
concrete was efficiently located, but was also still solid.
5.3.2 Thermal
The thermal stresses~ like the dead load stresses, were
found to be very low, with or without functional expansion
joints. These stresses, using the assumed uniform temperature
change of 75 degrees-Fahrenheit in the entire structure were
all less than 20 psi. This magnitude was the largest stress
imposed on the superstructure, and was relatively
insignificant to the main arch. The thermal stresses were so
low that they would not cause enough of a stress change to
damage the concrete in either tension or compression. Because
of this the thermal stresses do not pose any threat to the
bridge's integrity.
5.3.3 Expansive Aggregate
The assumed loading from the expansive aggregate was
considered very severe. This loading created the highest
stresses and the only possibility of the concrete being
damaged.
The loading used to simUlate the expansion of the
concrete was equivalent to a hypothetical temperature change
of over 20,000 degrees-Fahrenheit. This type of loading would
increase the volume of the concrete close to 10 percent, a
value indicated by the laboratory testing. Because this type
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of expansion was not determined under conditions associated or
adjusted to the actual confined situation of the in place
concrete it was considered an abnormally severe loading.
The stresses from the expansive aggregate loading would
crush the weakest concrete if there were no expansion joints
at the ends of the spans. With the expansion joints the
stresses were still found to be very close to the strength of
the weaker concrete (1500 - 2000 psi). However, there was no
detected crushing of concrete in the bridge, therefore, this
type of loading though theoretically possible, was regarded as
of little concern.
5.4 Future study
Several areas of study are open to further investigation.
These areas include: further analysis of the bridge
incorporating material properties and dead loads into the
models used, modification of these models to explore further
the influence of geometry (curvature and arch shape), and the
eventual load rating of the bridge for live (vehicular) loads.
Though useful conclusions were drawn from the results of
the models used, additional information can be obtained
through further investigation of nonuniform strength of
material and thermal gradient in the bridge. The material
properties determined from the core sampling and laboratory
tests could be incorporated into the models to better
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represent the actual situation. The seasonal and daily
changes of concrete temperature introduce thermal gradients in
the bridge. If the gradient is known, it could also be
incorporated into the analysis. In this way, the effect of
some nonuniformity on the bridge structure could be explored.
The models also lend themselves to modif ication. By
changing the curvature of the horizontal curve of the bridge
and the arch geometry, computed stresses and deflections can
be obtained to guide further design in achieving efficient
concrete arch structures.
The models could also be used to explore the effects of
live load providing that the dynamic effects of moving trains
are insi~ificant and can be ignored. By applying a load at
different positions of the bridge deck, the stresses and
deflection patterns associated with live load could be
estimated. These values, together with the dead load
information, may be utilized to load rate the bridge. In this
way a more complete picture of the bridge's behavior under
load could be drawn.
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